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A new imaging technique is inlroduoad which provides a s e k  of stimulated echo 
images progFessively weighted with TI relaxation with constant TI weighting. T h e  series 
of T,-weighted images is acquired during a slnpie imaging sequedce in a manner similar 
to a conventional Trweighi& Spin-echo imaging sequence. A 90" pulse creates transverse 
magnetization which is phase encoded and stored dong the longitudinal axis by a 90" 
storage pulx. The image infomtim is acquired by obtaining a Series of stimulated echoei, 
each following a rad puke, MIch m n p h  midW longitudinal magnetitation not recovered 
to equilibrium. The tip angles of rhe read pulses are adjusted to gven equal tipangle 
weqbting for each image. T h i s  is ammplished by making the tip angle of the firsf read 
pulse ma11 and increasing the tip angle of each succeeding pulse, in a recursive manner, 
so that the last pulse in the e has a tip angle of90". This imaging method is dubkd 
tjpangle-reduoed TI (TART) imaging Q 1986 *k IIIC 

INTRODUCTION 

There are many methods of imaging the structure of an object of interest. One can 
rely on optical transmission or reflection of Ii&t in conventional rnicroscopv. scatteine 

I 'i -+ 1. < - I >  :& 1 !:xi-,, r- 
! u , ~ ~ u g ~ a l j h ~  raamgraphy. ~ l i  these rechnrques use the Iransmissim or reflection of 
incident radiation to create an image. In contrast, the technique of imaging with 
nuclear magnetic resonance is based on a fundamentally different process. A spatial 
dependence of the nuclear rnagndc resonance frquency k created by imposing linear 
gradients on the main magnetic field. Hence the information contained in such an 
image is quite different from that obtained with the techniques mentioned above. The 
density of spins is represented by equilibrium magnetization and the locaI magnetic 
environment of the spins by the charaaeristic relaxation times. 

The spatial resolution of nudear magnetic resonance imaging is limited by the 
inherent signal strength, magnet inhomogeneities, and the ability to construct strong, 
finear field gradients which can respond in an appropriate time scale for an imaging 
technique, The resolving power of nuclear magnetic resonance imaging i s  sufficient 
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by using a series of read pulses, each less than or equal to 90", chosen to provide equal 
tip-angle weighting for each observed image in the series. The observed stimulated 
a h 0  for each image is derived from the same storage and read mechanisms. Thus, 
the weighting due to relaxation is simplified while other echoes are suppressed with 
pulsed field gradients. 

This approach is based on earlier work for the observation of either TI relaxation 
(8) or zeroquantum coherence (9) in a single pulse sequence. In both these cases, the 
spin system was initially prepared into the desired state and its time evoIution observed 
with a series of read pulses small enough to only slightly perturb the evolving state. 
In the stimulated echo imaging technique described here, the first 90' pulse creates 
transvem magnetization which depham in the inhomogeneous static fieId and is 
phase encoded with applied linear field gradients. The second 90. pulse splits the 
fransverse magnetization into two equal parts. One portion remains as transverse 
magnetization forming an echo foUowing the second 90" pulse. The other portion is 
stored as longitudinal magnetization which retains phase memory ofthe timeevolution 
between the first two puIses. This stored IongitudinaI rnagnetizkion will relax to qui- 
libriurn with the usual time constant, T I .  If this stored magnetization is sampled with 
a read pulse before complete recovery to equilibrium has occurred, a stimulated echo 
is formed which mains phase encoded information and can be used to form an image. 
The residual longitudinal magnetization is reduced by the effect of the read pulse. For 
a Series of read pulses, each less than or qual  lo 90°, the observed stimulated echo 
aRa each puIse can be used to form an image which has TI weighting dependent on 
the time interval between the 90" storage pulse and the specific read pulse which 
produces the echo of interest_ A specific pulse sequence ta produce a series of TI- 
weighted stimulated echo images is shown in Fig. I with the puIse phase cyde given 
in TabIe I .  The choice of small tip-angle read pukes leads to a series of TI-weighted 
images so this method has been dubbed, tipangle reduced Tl (TART) imaging. 

The amount of transvene relaxation is the Same for each image in the sequence of 
f ig  1. Here it is assumed that the read gradient, g,, is adjusted such that the echo due 
to magnet inhomogeneities and applied gradients QGCW at the same point in time. 
The storage pulse splits the rnagndizatinn into two equal parts; one portion forming 
the primary echo and the other stored as longitudinal magnbization. The primary 
echo folIowing the 90" storage pulse will occur at a time, TE, after the dice selective 
90" puhe which creates transverse magnetization. Ignoring diffusion and assuming 
ided 90" pulses, the primary echo signal amplitude can be written as. 

;i j 

where Ma is the equilibrium magnetization. The factor of one-half comes from the 
spIitting of the transverse magnetization into two equal parts by the 90" storage pulse. 

The residual Iongitudinal magnetization after a stimulated echo read puke is reduced 
by a factor of the cosine ofthe read puke tip angle. Hence fbe magndization available 
to the next read puIse is reduced in magnitude. The tipangle dependence of the signal 
intensity following the plth stimulated echo read pulse can be written as 
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tip angles. A sequence of four read pulse tip angles satisfying Eq. [4] are shown in 
Table 2. These are the last four tip angles in any sequence and the series can be 
extended to any number of read pulses. Note that the observable signal intensiv aRer 
each read pulse will decrease as the number of read pulses increases. The relative 
intensity of the observed signa1 in each image will be independent of the number of 
read pulses; however, the available signal-to-noise in each image will decrease as the 
number increases, Thus a practical limit will k reached dependent on the sensitivity 
of the imaging system. 
Since the storage pulse occurs at E J 2 ,  the stimulated echo occurs at a time TE/2 

after the read pulse- Therefore the transverse relaxation weighting of each echo fdlowing 
a read pulse will be equal. to that of the primary echo. Since the stored longitudinal 
magnetization is only affected by TI relaxation, the amount of TI relaxation for each 
stimulated echo is only dependent on the recovery time, RT, that has elapsed since 
the magnetization was initially stored along the longitudinal axis. The stimulated echo 
amplitude following the nth read pulse has relaxation weighting given by 

PI s, N e-m2e-RT.lT1+ 

The effect of relaxation and tipangle variation can be combined to give the stim- 
ulated echo amplitude following the nth read pulse, 

The d u d  tip angles of the read pulses result in a reduction in availabIe signal-to- 
noise ratio in the final images. This decrease in signal strength can be kept at a tolerable 
level by limiting the number of read pulses applied to create a Tl-weighted serks of 
images. The four-pulse example of Table 2, results in a signal redudon for each 
stimulated echo image to 0.5 that of the primary echo image due to the reduced tip 
angle of the read pulses. Ignoring relaxation effects, this is an overall reduction in 
signa1 strength to 0.25 of the equivdent Carr-Putcell T'-weighting series of image. 
The loss of signa1 strength does not increase dramatically as the number of read pulses 
inrrease because of the functional form of the tipangle dependence. For example, the 

TABLE 2 

Final Four Tip Angles in a Series 
of n Rrad Pu!t-. . . . -. - . . 

lvunimr oi 
read pulse Tip angle" 

n - 3  30" 
n - 2  35.3" 
n - I  45" 
n 90" 

Tip angles were calculated from F.q. [4] 
assuming the last m d  pulse t ip  angle e q d s  
90-. 



.: j: id j ,  
ventional spin-echo image of Fig 2a are due 

10 gradient instabilities in the phase-enmding gradient. The falloff of intensity in the 
Pkencoding direction for the TART primary echo image of Fig. 2b is of unknown 
%in but could be due to rf inhomogeneities. The same effect is not ~ e e n  in the 
* m U k d  echo images following the read pulses in the TART sequence. 
, Ti-Weighted series ofstirnulam echo images for the TART sequence are shown 
k 3. The recovery time, RT, progresses in 50 ms steps increasing from 50 rns in 

fie. 33 to 200 ms in Fig 3d. By comparing the image of FQ. 2b with the first image 
in this &-weighted series, the e x w e d  0.5 loss in signd-fo-noise ratio is quite apparent. 
~ I i ~ k ~ Y ,  the Tl-weighted series represents the availabIe contrast difference due 

variations in longitudinal relaxation rates 

I 



The TART imaging experiment presented here represenB a novel approach to TI- 
weighted imaging which complements the conventional T2-weighfed spinecho imaging 
quene. The TART sequence has no rfpuIses greater than 9Qo, so SI' rce selection is 
more easily implemented with this sequence. Multislice, muhiecho acquisition should 
lx a straightfoward generalization of the sequence in Fig. 1 without the attendant 
PTobIems of slice selection with 180" pulses. Potentially; the TART sequene can 
Provide a method of quantitative TI determination. However, potential problems due 

RliSSet t ip  angles and gradient pulse lengths need to be addre- before-the limits 
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